We report the discovery of a T8.5 dwarf, which is a companion to the M4 dwarf Wolf 940. At a distance of 12.50
INTRODUCTION
The advent of the most recent generation of large imaging surveys (e.g. Lawrence et al. 2007; Delorme et al. 2008b , and soon the VISTA surveys) has facilitated the identification of brown dwarfs with later spectral types than the latest T dwarfs found using 2MASS, DENIS or SDSS. For example, the UKIRT Infrared Deep Sky Survey ⋆ E-mail: B.Burningham@herts.ac.uk † Alfred P. Sloan Research Fellow (UKIDSS) Large Area Survey (LAS; see Lawrence et al. 2007) , which as of Data Release 4 (DR4) probes nearly 3 times the searchable volume of 2MASS for such objects, contains at least four T dwarfs with spectral types later than T8 (in addition to that identified in this work), which have recently been classified by Burningham et al. (2008) Burningham et al. 2008) . The physical properties of these objects have been estimated by fitting various model spectra to near-and mid-infrared data (where available). Effective temperature (T eff ) estimates vary from as cool as 500-550 K for ULAS 1335 (Leggett et al. 2009 ) to as warm as 600-650 K for ULAS 0034 ). Since parallax determinations are not yet available for these objects, these estimates are somewhat uncertain, based as they are on early generations of atmospheric models that are still under development. Also, current indications are that surface gravity and metallicity are largely degenerate as far as near-infrared spectral fitting is concerned, which adds another layer of uncertainty to the parameters derived for such objects to date.
Since the low-temperature extreme of the brown dwarf regime is of particular interest for determining the form of the substellar initial mass function (e.g. Burgasser 2004) , it is extremely desirable that atmospheric models in this regime are robustly constrained. Furthermore, the sub-600 K temperature regime overlaps with the warm-exoplanet regime, and such cool brown dwarfs provide excellent laboratories for improving the substellar atmospheric models which will be key to interpreting observations over the coming years. The discovery of T8+ dwarfs in binary systems with stellar primaries is of central importance for improving the current generation of atmospheric models, since we can use the properties of the primary star as fiducial constraints on the properties of the substellar secondary (e.g. Pinfield et al. 2006; Burgasser et al. 2005) .
The term "benchmark" is broadly applied to objects for which at least some properties may be determined with minimal reference to models (although the degree of reference to models that is required to determine their properties varies). With the exception of a few T dwarfs whose ages and metallicities may be gleaned from studies of the young clusters or moving groups of which they are members (e.g. Hyades -Bouvier et al. 2008) , the majority of T dwarf benchmarks have been found in binary systems. Indeed, one of the first unequivocally confirmed brown dwarfs, Gl229B (Nakajima et al. 1995) , was found as a companion of an early type M dwarf, studies of which have yielded improved constraints on the system properties (Leggett et al. 2002) . Other notable T dwarfs in such systems include HN PegB (T2.5±0.5) and HD 3651B (T7.5±0.5) (Mugrauer et al. 2006; Luhman et al. 2007) , which are companions to well studied main sequence stars (G0V and K0V, respectively).
The multiple systems Gl 570 (K4V, M1.5V, M3V & T7.5; Burgasser et al. 2000; Geballe et al. 2001 ) and ǫ Indi (K4.5V, T1 & T6; Scholz et al. 2003; McCaughrean et al. 2004 ) also have well constrained ages from studies of the K and M dwarf members of the systems. The ǫ Indi Ba,Bb system offers the prospect of dynamical mass estimates for the T dwarf components through direct observation of the orbital motion within its short, ∼15 year, period (McCaughrean et al. 2004) . Liu et al. (2008) have suggested that brown dwarf binaries with dynamical mass determinations can serve as benchmark systems with comparable, or better, constraints on the brown dwarf gravities than in the case of wide companions of known age. They have demonstrated this approach with the first mass determination for a T dwarf binary, the T5+T5.5 system 2MASS 1534-2952AB, though the long orbital peri- ods (> 10 years) mean that some patience will be needed until a larger sample of this type of benchmark is available.
We report here on the discovery of a T8+ object, identified as a low-mass companion to the M4 dwarf Wolf 940, and explore its potential use as a benchmark object.
A NEW T8+ DWARF
Our searches of the UKIRT Infrared Deep Sky Survey (UKIDSS) Large Area Survey (LAS; see Lawrence et al. 2007) have been successful at identifying late-type T dwarfs (e.g. Lodieu et al. 2007b; Pinfield et al. 2008; Burningham et al. 2008) . Using the same search methodology as previously described in detail in Pinfield et al. (2008) , we identified ULAS J214638.83-001038.7 (hereafter ULAS 2146) as a candidate very late-T dwarf, with Y JH colours reminiscent of other T8+ dwarfs (it was undetected in K). The source was observed as part of the LAS in Y JHK for 40 seconds in each filter (see Lawrence et al. 2007) , and the results of these observations are summarised in Table 1 . The subsequent photometric and spectroscopic follow-up, which resulted in its classification as a T8.5 dwarf, are described in the following sub-sections. Figure 1 shows a UKIDSS J-band finding chart for this object.
Near-infrared photometry
Near-infrared follow-up photometry was obtained using the UKIRT Fast Track Imager (UFTI; Roche et al. 2003) mounted on UKIRT , and the Long-slit Infrared Imaging Spectrograph (LIRIS; Manchado et al. 1998 ) mounted on the William Herschel Telescope on La Palma. Image mosaics were produced using sets of jittered images, with individual exposure times, jitter patterns and number of repeats given in Table 1 . The data were dark subtracted, flatfield corrected, sky subtracted and mosaiced using ORAC-DR for the UFTI data, and LIRIS-DR for the LIRIS data.
We calibrated our UFTI observations using UKIRT Faint Standards , with a standard observed at a similar airmass for each target. All UFTI data were obtained under photometric conditions, with seeing better than 0.9 ′′ . Photometry was performed using apertures with radii approximately √ 3 times the seeing, which was stable between standard star and target frames to within less than 0.5 pixels (0.045 ′′ ). The wider field LIRIS data were obtained in a mixture of photometric conditions with stable seeing, and thin cirrus in variable seeing (0.8 -1.2 ′′ ). Absolute photometry for ULAS 2146, and for a number of fiducial stars, was obtained during photometric conditions and calibrated using a UKIRT Faint Standard star (FS29) observed at a similar airmass. The zero points for observations obtained in nonphotometric conditions were then determined using these fiducial stars.
We used the spectra of T dwarf spectral standards for types T2-T9 to synthesise a transformation between the LIRIS Y -band filter and the MKO Y -band filter as a function of spectral type (ST). We find that :
with a scatter of ±0.01 (where ST = 2, 3, 4 etc. for T2,T3,T4 etc.). For earlier type stars (e.g. standards with Y − J ∼ 0) we find that the transformation between the two filters is negligible. All Y -band magnitudes presented here were either measured in, or transformed into, YMKO. LIRIS uses a Ks filter, and we transformed the standard star's K magnitude to Ks using the relations of Carpenter (2001) . The Ks magnitude for ULAS 2146 was transformed to the MKO system using the transform derived by Pinfield et al. (2008) . In both the case of the Yand the K-band, transforms were applied using a spectral type of T8.5 for ULAS 2146 (see Section 2.4).
We obtained multiple observations of ULAS 2146 in several bands to assess any level of variability. Table 1 summarises our photometry for ULAS 2146. It can be seen that the J-band is stable to 5% over timescales of up to a year, with the exception of the UKIDSS survey magnitude (which is ∼15% brighter). We do not consider that the ∼ 2σ discrepancies between the follow-up data and the UKIDSS/WFCAM data are significant. The K-band followup data, however, do not agree well, and could reflect some underlying variability. However, the latter measurement derives from a LIRIS observation, and although the conversion to MKO has been well characterised for earlier spectral types, this may not be the case for T8+ dwarfs. As such, we defer any detailed discussion of this discrepancy until multiple measurements on the same system have been obtained. Overall, we consider that our observations are consistent with a source that is stable at the < ∼ 5% level.
Optical photometry
We have also obtained optical z-band photometry using the ESO Faint Object Spectrograph and Camera (EFOSC2) mounted on the New Technology Telescope at La Silla, Chile under program 082.C-0399. These observations are summarised in Table 1 . For this optical follow-up we used a gunn z-band filter (ESO Z#623). The data were reduced using standard IRAF packages, and then multiple images of the target were aligned and stacked to increase signal-tonoise. We synthesised Sloan i ′ (AB), z ′ (AB) and EFOSC2 Gunn z photometry for stars with spectral types between B1V and M4V using spectra drawn from Gunn & Stryker (1983) . The resulting synthetic colours were then used to derive the transform:
This allowed the zero-point in our images to be determined by using SDSS stars as secondary calibrators. The uncertainty we quote for our z-band photometry incorporates a scatter of ∼ ±0.05 in the determined zero-points. The results of our ground-based follow-up photometry are given in Table 1 , which also gives the original WFCAM survey photometry. In all cases we take the measurement with the lowest uncertainty as our "final" value for use elsewhere in the paper. th October 2008 under photometric conditions. Individual images were made up of 24 co-added 0.8 second exposures, which were repeated over a four point offset pattern. In total 90 images were recorded for ULAS 2146, with a further 8 images obtained of the faint standard HD201941. Each image had its temporally closest neighbour subtracted from it to remove the rapidly varying and structured sky background. The sky subtracted images were then flatfielded using a flatfield frame constructed by median stacking the entire set of images of ULAS 2146. The resulting images were offset to the position of the first image, and median combined to produce the final image. These observations, and the resulting L ′ -band magnitude, are summarised in Table 1 .
L'-band photometry

Near-infrared spectroscopy
Spectroscopy in the JHK-bands was obtained for ULAS 2146 using NIRI on the Gemini North Telescope on Mauna Kea (under program GN-2008B-Q-29). All observations were made up of a set of sub-exposures in an ABBA jitter pattern to facilitate effective background subtraction, with a slit width of 1 ′′ . The length of the A-B jitter was 10 ′′ . The observations are summarised in Table 2 .
The NIRI observations were reduced using standard IRAF Gemini packages. A comparison argon arc frame was used to obtain a dispersion solution, which was applied to the pixel coordinates in the dispersion direction on the images. The resulting wavelength-calibrated subtracted ABpairs had a low-level of residual sky emission removed by fitting and subtracting this emission with a set of polynomial functions fit to each pixel row perpendicular to the dispersion direction, and considering pixel data on either (j = 4, r = 22.5, texp = 24x0.8s y Table 1 . Summary of the near infrared photometric follow-up. The breakdown of each integration is given in the final column with the following notation: m = number of microsteps; j = number of jitter points; r = number of repeats for jitter pattern; texp = exposure time at each jitter point.
side of the target spectrum only. The spectra were then extracted using a linear aperture, and cosmic rays and bad pixels removed using a sigma-clipping algorithm. Telluric correction was achieved by dividing the extracted target spectra by that of the F4V star HIP103801, observed just before the target, in the case of the Jand H-band spectra, whilst for the K-band the A0V star HIP 112179 was used. Prior to division, hydrogen lines were removed from the standard star spectrum by interpolating the stellar continuum. Relative flux calibration was then achieved by multiplying through by a blackbody spectrum with T eff = 6700K for the F4V standard, and 10,400 K for the A0V standard. Data obtained for the same spectral regions on different nights were co-added after relative flux calibration, each weighted by their exposure time.
The spectra were then normalised using the measured near-infrared photometry to place the spectra on an absolute flux scale. The UFTI JHK photometry was used for this purpose since all three bands were obtained on the same instrument, with MKO filters, within the shortest interval available in our data for all three bands (see Table 1 ). The normalised spectrum was rebinned by a factor of three to increase the signal-to-noise, whilst avoiding under-sampling of the spectral resolution. The resultant JHK spectrum for ULAS 2146 is shown in Figure 2 .
To derive a spectral type for ULAS 2146 we follow the method outlined in Burningham et al. (2008) for very late T dwarfs. Figure 3 shows the normalised J-and H-band 1 spectra of ULAS 2146 compared to those for the T8 and T9 spectral templates (Burgasser et al. 2006; Burningham et al. 2008) . It can be seen from the trace of the residuals between the template spectra and those of ULAS 2146 that the latter appears to be intermediate between the two spectral types.
The T dwarf spectral type indices for ULAS 2146 are given in Table 3 . In Figure 4 we reproduce Figure 7 from 1 Normalised to unity at 1.27µm and 1.58µm respectively Figure 2 . The NIRI JHK spectrum for ULAS 2146. Burningham et al. (2008) , with the spectral type indices for ULAS 2146 indicated along with those of previously published T6-T9 dwarfs. As discussed in Burningham et al. (2008) , the H2O-J, CH4-J and CH4-H indices are largely degenerate with type for T8 and T9 dwarfs, whilst the NH3-H is not yet well understood. As such, we base our classification on the H2O-H and WJ indices. It can be seen that the values for its indices are consistent with classification between T8 and T9, we assign it the type T8.5 (±0.5 subtypes).
Keck Laser Guide Star Adaptive Optics Imaging
To search for possible unresolved binarity, we imaged ULAS 2146 on 03 Table 2 . Summary of the near-infrared spectroscopic observations.
Figure 3. The J-and H-band spectra of ULAS 2146 (black line) compared to those of the T8 and T9 spectral standards 2MASS 0415 (red line) and ULAS 1335 (green line) respectively . The numerators for the flux ratios given in Table 3 are indicated, with the denominators marked with a "D".The standard spectra have been resampled to the same scales as ULAS 2146, and the spectra have been smoothed with a smoothing length of 5 pixels. The J and H band spectra for 2MASS 0415 have been taken from McLean et al. (2003) . The single black line in the lowest panel indicates the uncertainty spectrum for ULAS 2146. The red and green lines in the middle panel indicate the residuals between ULAS 2146 and the spectra of 2MASS 0415 and ULAS 1335 respectively.
with average seeing. We used the facility IR camera NIRC2 with its wide field-of-view camera, which produces an image scale of 39.69 ± 0.05 mas/pixel. The LGS provided the wavefront reference source for AO correction, with the exception of tip-tilt motion. Tip-tilt aberrations and quasistatic changes in the image of the LGS as seen by the wavefront sensor were measured contemporaneously with a second, lower-bandwidth wavefront sensor monitoring the R = 11.5 mag nearby star Wolf 940, located 32 ′′ away from ULAS 2146. The sodium laser beam was pointed at the center of the NIRC2 field-of-view for all observations.
We obtained a series of dithered images, offsetting the telescope by a few arcseconds, with a total integration time of 360 seconds. We used the CH4s filter, which has a central wavelength of 1.592 µm and a width of 0.126 µm. This filter is positioned around the H-band flux peak emitted by late-T dwarfs (see Tinney et al. 2005 ). The images were reduced in a standard fashion. We constructed flat fields from the differences of images of the telescope dome interior with and without continuum lamp illumination. Then we created a master sky frame from the median average of the bias-subtracted, flat-fielded images and subtracted it from the individual images. Images were registered and stacked to form a final mosaic, with a full-width at half-maximum of 0.10 ′′ . No companions were detected in a 5 ′′ × 5 ′′ region centered on ULAS 2146.
We determined upper limits on the brightness of potential companions from the direct imaging by first convolving the final mosaic with an analytical representation of the PSF's radial profile, modeled as the sum of multiple elliptical gaussians. We then measured the standard deviation in concentric annuli centered on the science target, normalized by the peak flux of the targets, and adopted 10σ as the flux ratio limits for any companions. These limits were verified with implantation of fake companions into the image using translated and scaled versions of the science target. Burningham et al. (2008) or are calculated from the objects' spectra supplied by these authors. Uncertainties in the indices are smaller than the symbol sizes, whilst the uncertainties in the spectral types are typically < 0.5 subtypes. The index values for ULAS 2146 are indicated with hatched horizontal regions whose height is indicative of the uncertainties. Figure 5 presents the final upper limits on any companions. We employed the COND models of Baraffe et al. (2003) to convert the limits into companion masses, for an assumed age of 5 Gyr and a distance estimate of 12.5 pc (see Section 3). We assumed any cooler companions would have similar (CH4s − H) colors to ULAS 2146.
Proper motion
The photometric follow-up observations that were carried out for ULAS 2146 provided a second and third epoch of imaging data, showing the position of the source 0.72 years and 0.93 years after the original LAS image was measured. Although the second epoch data covers only a relatively small area of sky (the UFTI mosaic is 135 ′′ on each side), we were able to accurately measure the positions of eight reference stars spread throughout the image, and match these to their counterparts measured in the LAS images. We used the same set of reference stars for the LIRIS data.
We used the IRAF task GEOMAP to derive spatial transformations from the UFTI and LIRIS J-band images into the LAS J-band image in which ULAS 2146 is well detected. The transform allowed for linear shifts and rotation, although the rotation that was required was negligible. We then transformed the UFTI and LIRIS pixel coordinates of ULAS 2146 into the LAS images using GEOXYTRAN, and calculated its change in position (relative to the reference stars) between the epochs. The root-mean-square (rms) scatter in the difference between the transformed positions of the reference stars and their actual measured positions was ∼ ±0.2 pixels for the UFTI data and ∼ ±0.3 pixels for the LIRIS data (corresponding to 0.04 ′′ and 0.06 ′′ in the J-band LAS image). Assuming that the cardinal axes of the UKIDSS LAS image are aligned perfectly with the celestial α,δ axes, we thus determined the proper motion (neglecting parallax) to be µ αcosδ = 895 ± 72mas/yr, µ δ = −538 ± 72mas/yr. These uncertainties likely represent an under-estimate, since they do not include any systematic effects that may be present in data such as these that were not initially optimised for astrometric use.
As described in Section 3, ULAS 2146 appears to be a common proper motion companion to the M4 dwarf Wolf 940, which lies at a distance of 12.50 +0.75 −0.67 pc. We have thus repeated our proper motion determination incorporating into the solution the effect of the 79.8 ± 4.5 mas parallax measured for Wolf 940 (Harrington & Dahn 1980) . Our revised proper motion estimate for ULAS 2146 is thus µ αcosδ = 771 ± 82mas/yr, µ δ = −585 ± 82mas/yr, which incorporates additional uncertainty introduced by the measured parallax. For reasons discussed in Section 3, we consider this latter proper motion estimate our final value (see also . Limits on multiplicity of ULAS 2146 based on our Keck LGS AO imaging with the CH4s (1.59 µm) filter and theoretical models of Baraffe et al. (2003) . The masses and T eff corresponding to hypothetical companions are shown by the dotted horizontal lines, assuming an age of 5 Gyr.
A WIDE BINARY SYSTEM
A visual comparison between the LAS imaging data and older Schmidt plate images of the region around ULAS 2146 revealed the presence of a high proper motion star just 32 ′′ away from the T dwarf. This neighbouring source was identified (using the Simbad Database at CDS) as Wolf 940, a nearby (12.5pc) M4 dwarf with a total proper motion of 970 mas/yr. The properties of this dwarf are given in Table 4 , and it can be seen that Wolf 940 and ULAS 2146 have proper motions that agree to within 1.0σ. In order to establish if this pair are a genuine physical binary system (as might be inferred from their common proper motion), we have calculated the expected number of high proper motion stars that might masquerade as common proper motion companions to LAS very late T dwarf discoveries. Including ULAS 2146, there are now five T8+ dwarfs known with T eff estimates ranging down to ∼550-600 K. Only ULAS 2146 is known to have a common proper motion companion. In general these objects all have J ≃18, and we can thus consider ULAS 2146 as a typical example. Distance constraints can be estimated based on spectral type and magnitude, ignoring at this stage the association with Wolf 940. A typical T8 dwarf has MJ =16.26±0.37 (Liu et al. 2006) and T eff ≃750 K (e.g. Saumon et al. 2007 ), which provides a useful upper limit for a dwarf with T8.5±0.5 spectral type. Models (e.g. Baraffe et al. 2003) suggest that 750-550 K objects could have MJ ∼19 (dependent on age, mass and radius), and for MJ =15.89-19 the distance constraint for ULAS 2146 (J=18.21) is 7-29pc. However, we also allow for the possibility that such late T dwarfs could be unresolved binaries, and thus potentially 0.75 magnitudes brighter than a single T dwarf. If MJ =15.14-19, one obtains a more conservative distance constraint of 7-41pc. Note that the known distance of Wolf 940 lies within these broad distance constraints, and thus the observable properties of ULAS 2146 (spectral type and brightness) are consistent with companionship.
Separations out to ∼1 arcminute from the new T8+ population and a distance range of 7-41pc, corresponds to a space volume of only 0.03 pc 3 . The local luminosity function measured out to distances of between 8 and 25 pc (e.g. Reid et al. 2007 ) suggests space densities of 0.06-0.11 stellar systems pc −3 , and thus 0.0018-0.0033 stars actually contained within this volume. However, the likelihood of finding a star that had a common proper motion decreases this number still further. We examined all Hipparcos stars from 7-41pc in the direction of ULAS 2146 (±45 degs in R.A. and Dec) and found that only three out of 619 were contained within a 200 mas/yr (∼ 2σ)error circle centered on the proper motion of the T dwarf. This represents a 0.48±0.28% probability of finding a common proper motion source by chance in such a volume. We therefore conclude that we would expect (12±8)×10
−6 stars to masquerade as common proper motion companions to the T8+ dwarfs discovered in the UKIDSS LAS to date. This represents a vanishingly small probability, and we thus unambiguously consider that Wolf 940 and ULAS 2146 (here-after Wolf 940B) are a physical binary system.
The properties of Wolf 940A
This high proper motion M4 dwarf star was first presented by Wolf (1919) , and was first recognised as a high proper motion object by Rodgers & Eggen (1974) . Its properties are summarised in Table 4 . It has a measured parallax distance of 12.50 Table 4 , and appear to be consistent with membership of the old disk population -kinematically defined to have an eccentricity in the UV plane <0.5 and lie outside of the young disk ellipsoid (where the young disk ellipsoid is defined as −20 < U < +50, −30 < V < 0, −25 < W < +10, see Eggen 1969; Leggett 1992) . The Besançon Galactic population synthesis model (Robin et al. 2003) reproduces the stellar content of the Galaxy using various input physical assumptions and a simulated scenario of formation and evolution. This model has been tuned by comparison against relevant observational data as described in Haywood et al. (1997) . The disk component of the model comprises numerous sub-populations including a 3-5 Gyr population with [Fe/H]=-0.07±0.18 dex. The metallicity and kinematic constraints for Wolf 940A are thus consistent with an age in the region of 3-5 Gyr. However, since such kinematic and compositional arguments apply only to populations of objects, this line of argument falls short of effectively constraining the age of Wolf 940A.
The study of M dwarf activity by Gizis et al. (2002) revealed that Wolf 940 has Hα in absorption, with an equivalent width of 0.262Å. West et al. (2008) more recently demonstrated that the drop in activity fraction (as traced by Hα) as a function of the vertical distance from the Galactic plane can be explained by a combination of thin-disk dynamical heating and a rapid decrease in magnetic activity. The timescale for this rapid activity decrease changes according to the spectral type, and they calibrate this via model fits to a population of 38,000 SDSS M dwarfs. For M4 dwarfs the activity life-time is determined to be 4.5 +0.5 −1.0 Gyr, and we are thus able to put a lower limit of 3.5 Gyr on the age of Wolf 940A from its lack of Hα emission.
This limit comes with the caveat that the activity lifetimes were derived for a bulk population, and it is not possible to rule out variability in individual stars. Additionally, uncertainty in the spectral type contributes another source of uncertainty. Although the spectral type of Wolf 940A appears to be reliably determined, we will consider a worst case scenario to examine the impact this may have on the age limit. For example, were the spectral type of Wolf 940A in error by a whole subtype, and it was actually an M5 dwarf, we would find a lower limit on the age of 6.5 Gyr. Alternatively, were Wolf 940A an M3 dwarf, the lower age limit would be 1.5 Gyr. Since the uncertainty in the spectral type is certainly much less than 1 subtype (Hawley et al. 1997) , we adopt the limit implied by a spectral type of M4.
M dwarf atmospheres are too cool to produce Hα absorption in the photosphere (Cram & Mullan 1979; Pettersen & Coleman 1981) , and the presence of Hα absorption thus implies the presence of a hot chromosphere (i.e. magnetic activity, Cram & Mullan 1985; Walkowicz & Hawley 2008) . Therefore, the presence of Hα absorption in Wolf 940 indicates that it is still active at some level. Indeed, the relative numbers of Hα active and inactive M4 dwarfs in SDSS suggests an M4 age no more than ∼6 Gyr. The activity age estimate for Wolf 940 is thus 3.5-6 Gyr, consistent with the indications from kinematics and metallicity. 
The properties of Wolf 940B (ULAS 2146)
As a companion, Wolf 940B will share the same distance as the M4 primary (12.50
−0.67 pc), and the two objects thus have a projected line-of-sight separation of 400AU. The actual semimajor axis of the binary depends on its orbital parameters. Following the method of Torres (1999), we assume random viewing angles and a uniform eccentricity distribution between 0 < e < 1 to derive a correction factor of 1.10 −8000 years. This is quite typical when compared to other brown dwarfs in widely separated binary systems (e.g. Burgasser et al. 2005; Pinfield et al. 2006) .
It has been known for some time that the degree of multiplicity amongst very young stars is greater than that of the more evolved field star populations (Duquennoy & Mayor 1991; Leinert et al. 1993) , and thus that the majority of binary systems form together in their nascent clouds. Binary components can therefore generally be assumed to share the same age and composition, and we therefore assume that Wolf 940B also has an age of 3.5-6 Gyr and a composition of [Fe/H]=-0.06±0.20.
Since we have an accurate distance for Wolf 940B we can determine its absolute magnitude, and values for MJ , MH and MK are given in Table 5 . Figure 6 shows MJ plotted against spectral type for this and other T dwarfs with reliably determined parallaxes. The very faint nature of Wolf 940B is apparent, suggestive of a very low T eff . 2MASS J0939-2448, which has recently been suggested as an equal mass binary system with component T ef f ∼ 600K (Burgasser et al. 2008) , is indicated. The inferred MJ = 17.67 for the individual components of 2MASS J0939-2448 is strikingly similar to that observed for Wolf 940B.
To determine the bolometric flux, F bol , from Wolf 940B, we have combined our observed JHK spectra (flux calibrated using our UFTI follow-up photometry) with model spectra that allow us to estimate the flux contributions from regions shortward and longward of our near-infrared spectral coverage. We scaled the λ < 1.0µm portion of the model spectra to match the short wavelength end of our J-band spectrum, whilst we used our L ′ -band photometry to scale the λ > 2.4µm portion of the model spectra. We then joined them to our observed spectra and estimated the bolometric flux, assuming all flux emerges between 0.5 µm and 30µm. Provided the measured L ′ -band photometry is in a band where the level of emitted flux is relatively high (compared to the unmeasured wavelength regions), and that the theoretical models can be relied upon to provide a "reasonable" approximation to the shape of the spectral energy distribution (c.f. Mainzer et al. 2007; Cushing et al. 2006 ; Figure 7 . The NIRI JHK spectrum of Wolf 940B joined to scaled BT-Settl model spectra bracketing the range of parameter space considered for our F bol estimate. The mean flux level implied by the L ′ -band photometry is indicated with a short green line. Roellig et al. 2004 ), then this approach should provide valid results.
We have used the latest BT-Settl solar metallicity model spectra covering the 500-700K temperature range, with log g = 4.5-5.0, to provide the normalised shorter and longer wavelength spectral extensions to the observed nearinfrared spectrum. We then took the median as our final value for F bol . The scatter in values was taken as an estimate of the systematic uncertainty associated with our use of these normalised theoretical extensions. Figure 7 shows the scaled spectra for two extremes of our theoretical extension parameter space, along with our observed JHK spectrum for Wolf 940B. It can be seen that the optical region contributes a very small portion of the total flux (∼2%), and its associated uncertainty is thus of only minor significance. Longward of the K-band, however, the contribution to the overall flux is greater, with ∼60% of the flux emitted with λ > 2.4µm. We found that experimenting with the range of normalised theoretical spectra introduced an uncertainty of ±9%. The uncertainties in our photometry used for scaling the model spectra introduced an additional ∼ 5% uncertainty to our bolometric flux estimate, dominated by the contribution from our L ′ -band measurement. Our total uncertainty in F bol is thus ±10%, with a final value of 1.75 ± 0.18 × 10 −16 Wm −2 . The luminosity of Wolf 940B then comes directly from the bolometric flux and distance, allowing for uncertainties in both (see Table 5 ).
To place constraints on the mass and radius of Wolf 940B we rely on theoretical structure models and infer these properties from the luminosity and age information. This requires an assumption about the multiplicity of Wolf 940B. Section 2.5 shows that Wolf 940B is unresolved at an angular resolution of 0.1" corresponding to a spatial resolution of 1.2 AU at the distance of the system. So although there is evidence ) that the binary fraction of brown dwarfs (as resolved at such resolutions) in widely separated stellar-brown dwarf multiple systems is notably higher (45 +15 −13 %) than that of field brown dwarfs in analogous samples (18 +7 −4 %), Wolf 940B is not one of these systems. To assess the likelihood that it may be a tighter unresolved binary system we considered the analysis of Maxted & Jeffries (2005) , who use Monte Carlo simulation techniques to assess radial velocity survey data and find that a Gaussian separation distribution with a peak at 4AU and a standard deviation σ log(a/au) = 0.6 − 1.0 correctly predict the number of observed binaries (radial velocity variables). Their estimated total binary fraction is 32-45%, consistent with estimates from open cluster studies (e.g. Lodieu et al. 2007a; Pinfield et al. 2003) . For a Gaussian separation distribution of this type, we would expect at most a 10-20% binary fraction for systems with separation <1.2AU.
The metastudy by Allen (2007) estimates the binary fraction for objects later than M6 in the field as 20-22%, using bayesian methods, and ∼6% for systems with seperations less than 1 AU. Similarly, Joergens (2008) find a binary fraction for low-mass stars and brown dwarfs of 10-30% in the Chameleon I star forming region, with a frequency of less than 10% for binary separations of <1 AU.
Since the binary fraction of a magnitude limited survey, such as UKIDSS, will be increased by unresolved binaries, which are seen to greater distances, caution must be used when assessing the likelihood of binarity for an object from such a survey. For this reason we do not derive a formal likelihood of unresolved binarity for Wolf 940B. However, based on the results described above, it is possible to state that it is likely that Wolf 940B is a single object, and we proceed with our analysis on this basis.
Assuming evolution of the mass-luminosity and radiusluminosity relations from Baraffe et al. (2003) isochrones, we used linear interpolation (between isochrones) to derive theoretical mass and radius estimates appropriate for the measured luminosity and age constraints of Wolf 940B. These parameters (including log g) are given in Table 5 .
We can use our estimate of the radius and the luminosity to determine T eff . However, since the radius estimate depends strongly on the assumed age, so does the derived T eff . As discussed in Section 3.1, the spectral type that is used for Wolf 940A influences the age constraints implied by its Hα absorption. The worst case scenarios of errors of ±1 subtype in spectral type would lead to age ranges of 1.5-10 Gyr, or 6.5-10 Gyr. The extremes of these alternatives would imply radii of 0.105R⊙ for an age of 1.5 Gyr and 0.084R⊙ for an age of 10 Gyr, and log g constraints of 4.50-5.1 respectively. Given our luminosity estimate, these extreme cases imply T eff =540 K and T eff =605 K respectively. Since the spectral type uncertainty is small, however, we adopt the range of values implied by the M4 classification, and the associated age estimate of 3.5-6 Gyr, in Table 5 .
We thus obtain our best estimate of T eff =570±25 K and log g = 4.75-5.00 for Wolf 940B directly from the constraints we place on the luminosity and radius of this object.
TESTING THE MODELS
We now use our robust properties for Wolf 940B to make a direct comparison between observation and specific theoretical model predictions. We first apply the (WJ ,K/J) analysis described by Warren et al. (2007) d Inferred from Wolf 940A e Constraints derived from structure models as a function of luminosity for ages 3.5-6 Gyr f Derived from the luminosity and radius constraints ULAS 1335 ). In Figure 8 we plot a grid of the WJ and K/J flux ratios for a recent set of solar metallicity BT-Settl models, along with the same ratios for a group of late-T dwarfs, including three T9s, the benchmark T dwarfs HD 3651B and Gl 570D, along with the T8 dwarf 2MASS 0415. It is immediately clear that there are large differences between the model predictions and the values derived from the objects' spectra.
To assess the ability of the model spectra to make relative predictions for objects' properties, we replot the same grid in Figure 9 , however in this case we anchor the grid to values for the benchmark T dwarf Gl 570D. We have adopted the values derived by Saumon et al. (2006) of T eff = 810 ± 10K and log g = 5.09 − 5.23, and use the metallicity found by Geballe et al. (2001) of [M/H] = 0.01. For the purposes of anchoring the solar metallicity (WJ ,K/J) grid we associated Gl 570D with the model values for T eff = 800K, and log g = 5.25. Even with such correction this diagram still fails to correctly identify the properties of Wolf 940B. The model spectra under-predict the K/J ratio in absolute terms (Figure 8) , and also predict a greater decrease in its value on going from T eff = 800K to T eff = 570K than is observed from Gl570D and Wolf 940B (Figure 9 ). In the case of the Figure 8 . W J versus K/J indices for a grid of the most recent set of solar metallicity BT-Settl model spectra. Flux ratios for HD 3651B were measured using the spectrum from Burgasser (2007) , for 2MASS 0415 using the spectrum from Burgasser (2007) , and for Gl 570D using the spectrum from Geballe et al. (2001) . Those for the three T9 dwarfs ULAS 0034, CFBDS 0059 and ULAS 1335 were taken from their respective discovery papers Delorme et al. 2008a; Burningham et al. 2008) . The blue shading indicates the region of this grid that should contain Wolf 940B. Uncertainties are of similar size to the symbols.
WJ value the absolute prediction is an over-estimate, whilst the predicted decrease between T eff = 800K and T eff = 570K is close to reality. As a result of these effects, in the case of Wolf 940B, a simple (WJ ,K/J) analysis would have overestimated the temperature by ∼ 100K.
In Figure 10 we plot the comparison of the observed spectrum of Wolf 940B with those of the models that bracket its derived properties, scaled for the distance of 12.5pc and a radius 0.094 R⊙, and in Figure 11 we plot the residuals between JHK model spectra and our data. The reason for the offsets in the (WJ ,K/J) plots is demonstrated here. The low predicted value of K/J in both the un-anchored and the anchored plots appear to be driven by systematic underestimate of the K-band flux suggesting problems with the opacity due to collisionally induced absorption (CIA) by H2. The only model that does not underestimate the K-band peak is that for T eff = 600K, log g = 4.75, [M/H] = +0.1. However, this model spectrum overestimates the J-and H-band peaks by the greatest extent. Since model spectra for the low-metallicity parameter space are yet to be computed, we are unable to explore the full range of possibilities for this object's metallicity. In fact, Liu et al. (2007) have found that the relative changes in model spectra with metallicity do not agree very well with the available data for late-T dwarfs. We thus defer a more extensive model comparison to a future paper.
Examination of the strengths of the Y JHK flux peaks, with reference to the trends in model spectra with metallicity, gravity and temperature is thought to be useful for identifying T dwarfs with unusual properties (e.g. Pinfield et al. 2008) . The well constrained nature of Wolf 940B makes it a useful reference point for assessing such spectral sensitivities. We have calculated the JHK flux peak ratios for Wolf 940B, and compare them to other very late-T dwarfs and the two late-T benchmarks Gl 570D and HD 3651B in Table 6 . Flux peak ratios involving the Y -band peak must be neglected, however, since our JHK spectrum for ULAS 2146 does not provide sufficient coverage. As discussed in more detail by Pinfield et al. (2008) , the most dramatic trends in the relative strengths of the flux peaks of the BT-Settl model spectra appear to be associated with varying gravity and metallicity, with K-band suppression (decreasing K/J) seen with increasing gravity and decreasing metallicity. The H-band peak is more weakly affected by varying these parameters, and has trends in the opposite sense to the K-band, i.e. decreasing strength with decreasing gravity or metallicity (decreasing H/J). The flux peaks show a weaker response to varying T eff , with H-band strengthening with falling T eff , and the K-band weakening.
Direct comparison of the flux peak ratios of Wolf 940B with the other two benchmark objects in Table 6 must be rather cursory at this stage. The ∼ 200K difference in T eff between the objects makes it impossible to disentangle the effects of gravity/metallicity from those due to T eff differences. However, it does appear that the relative ratios of Figure 10 . A comparison of BT-Settl model spectra bracketing the derived parameters for Wolf 940B with the observed spectrum. The top plot shows the comparison for solar metallicity models, whilst the bottom plot show mildly metal rich models.The short, straight, blue line in each case indicates the mean flux level in our L ′ -band photometric observation.The black error bar at the right of each plot is representative of the uncertainty in a scaled model flux of 2 × 10 − 16Wm −2 due to the uncertainties in the parallax and radius of Wolf 940B. the three objects are broadly consistent with their properties and the trends described above.
SUMMARY AND CONCLUSIONS
We have identified a T8.5 (±0.5 sub-types) dwarf in a common proper motion binary system with the M4 dwarf Wolf 940. We designate the M4 primary as Wolf 940A, and the T8.5 dwarf as Wolf 940B, which lies at a projected separation of 400AU. By using the properties of Wolf 940A to constrain those of Wolf 940B, and with reference to evolutionary structural models of Baraffe et al. (2003) we estimate that Wolf 940B has T eff = 570±25K, log g = 4.75−5.0 and [M/H] = −0.06±0.20. This represents the first estimate of the properties for a T8+ dwarf that does not rest on the fitting of model spectra, although we do rely on the radius predicted by evolutionary models and an age estimate from the activity of the primary of 3.5-6.0 Gyr.
Our comparison of the near-infrared spectrum for Figure 11 . The residuals between the model spectra plotted in Figure 10 and the JHK spectrum of Wolf 940B. 
